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Abstract

A synthetic spectrum-fitting analysis was applied to the resonance Ca II line at 3933.68 Å for a large sample
of 122 A-type main-sequence stars (7000 <∼ Teff

<
∼ 10000K) in a wide range of projected rotational velocity (10<∼

v sin i <∼ 300 km s−1), with an aim of investigating the behaviors of Ca abundances ([Ca/H]39) determined from
this strong Ca II 3934 line, especially in context of (i) how they are related with the Am phenomenon (often seen
in slow rotators) and (ii) whether they are consistent with the Ca abundances ([Ca/H]61) previously derived by the
author from the weaker Ca I 6162 line. It was confirmed that Ca line strengths in Am stars tend to be weaker and
associated abundances are lower compared to non-Am stars at the same Teff , indicating a deficiency of Ca in the
photosphere of Am stars. However, an appreciable fraction of cool Am stars (Teff

<
∼ 8000K) were found to show

extraordinarily anomalous Ca II 3934 line feature (i.e., unusually broad for its considerable weakness) which is hard
to explain. Regarding the comparison between [Ca/H]39 and [Ca/H]61, while both are roughly consistent with each
other for hotter stars (Teff

>
∼ 8000K), the former tends to be lower (by up to ∼ 1 dex or even more) than the latter

for cooler A stars (Teff
<
∼ 8000K) including those “weak broad K line” objects, This fact suggests that some special

mechanism reducing the strength of Ca II 3934 line is involved at Teff
<
∼ 8000K where [Ca/H]39 would be no more

reliable. Whereas atomic diffusion causing the deficit of Ca in the photosphere as a result of element segregation in
the deeper radiative envelope may be regarded as a promising explanation because it seems to fit in the qualitative
trend of [Ca/H]61 in A-type stars, the well-known feature of considerably weak Ca II K line in classical Am stars
should not necessarily be attributed to only this element diffusion scenario, for which some unknown weakening
mechanism specific to this resonance line may independently be operative.
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1. Introduction

The resonance line of once-ionized calcium at 3933.68 Å
(multiplet 1, historically designated as “K”), manifestly stand-
ing out in the violet region of the spectrum, is so strong as to
be visible in most stars from K through B type and is regarded
as one of the most important lines in stellar spectroscopy. In
context of early-type stars, this Ca II K line is known to play
a significant role in the spectral classification of chemically-
peculiar stars, especially with regard to metallic-lined A-type
stars (hereinafter called Am stars), which occupy an apprecia-
ble fraction (∼10–20%) of A stars and are generally slower
rotators (v sin i <∼ 100 km s−1) characterized by strong metal-
lic lines (e.g., those of Fe group elements). That is, A-type
stars are classified as Am, when three spectral types judged
from Ca II K line, H I (Balmer) lines, and metallic lines are dis-
crepant with each other as Sp(K) < Sp(H) < Sp(Metal); i.e.,
Ca,II K line is weaker (indicating earlier type) while metallic
lines are stronger (indicating later type) compared to the spec-
tral type from the Balmer lines (good metallicity-free indicator
of Teff ).

While such conspicuous weakness of Ca II K line in Am
stars was a matter of debate at first, it has become generally

considered to be due to deficit of Ca in the atmosphere since the
advent of diffusion theory in 1970s (e.g., Watson 1971; Smith
1973). That is, gravitational settling may take place in the
deeper radiative envelope (possibly stable in slow rotators free
from significant mixing), which would eventually yield surface
underabundance of Ca (see, e.g., Richer et al. 2000 or Talon
et al. 2006 and the references therein for more recent theoreti-
cal calculations).

Actually, most chemical abundance studies on Am stars
so far have shown the existence of an appreciable deficiency
in Ca (along with Sc, another element showing weak lines
in Am stars) by several tenths dex to ∼ 1 dex (e.g., Conti
1970; Varenne and Monier 1999; Hui-Bon-Hoa 2000, to men-
tion a few). Quantitatively speaking, however, the extent of Ca
abundance anomaly with regard to Am phenomena is rather di-
versified depending on each investigation; for example, Gebran
et al. (2010) reported that Ca in Hyades Am stars is not so much
deficient but even almost normal (cf. figure 5b therein).

Here, it should be pointed out that almost all these Ca abun-
dance studies have been done by using lines of neutral calcium
(a number of such Ca I lines are available in 4200–6500 Å re-
gion; see, e.g., table 2 in Conti 1965). In contrast, systematic
abundance investigations based on Ca,II 3934 line for a large



2 Y. Takeda Vol. 3

sample of upper main-sequence stars have rarely been done so
far, which is presumably due to the considerable difficulty in
precisely measuring the strength of this line with appreciable
damping wings under the influence of blending with neighbor-
ing lines. Nevertheless, the following studies that investigated
the Ca abundance trends for a number of A-type stars based on
the Ca II K line are worth mentioning.

• Henry (1969) carried out narrow-band photometric ob-
servations of Ca II 3934 line (k index) for an extensive
sample of 146 A-type stars and investigated the strengths
of this line. He found that the Ca abundances of sharp-
line stars vary by a factor of ∼ 2 and (somewhat surpris-
ingly) that a substantial fraction of Am stars have normal
K-line strengths.

• Guthrie (1987) derived the equivalent widths of Ca II

3934 line for 57 Am stars mainly based on the published
k indices or K-line spectral types taken from various
literature, and determined their Ca abundances, which
showed a large dispersion but were generally underabun-
dant relative to the Sun (−1 <

∼ [Ca/H] <∼ 0). The defi-
ciency appeared to have some correlation with age (i.e.,
position on the Hertzsprung-Russell diagram), which he
suggested may be consistent with the diffusion theory.

• North et al. (1997), in their study of absolute magnitude
of chemically peculiar stars, mentioned their Ca abun-
dance determinations for 27 Am stars from the Ca II K
line by using the spectrum synthesis method based on
their high-dispersion spectroscopic observations. Since
their abundances were in good agreement with Guthrie’s
(1987) results for 8 stars in common, they combined both
to make a large data sample of 76 Am stars, from which
they found a Teff -dependence of Ca abundances (i.e., de-
ficiency tends to be more enhanced towards lower Teff ).
Unfortunately, they neither gave any account about the
procedure of their spectrum synthesis analysis nor de-
tailed abundance results for scrutiny.

As such, comprehensive Ca abundance studies of A and Am
stars based on the Ca II K line of ionized calcium are few in
number, despite that several investigations using Ca I lines of
neutral calcium using high-quality are already available. Given
that suspicion exited in the past (e.g., Böhm-Vitense 1976,
2006) that the weakness of Ca II K line in Am stars might be
due to unusual atmospheric condition (e.g., anomalous ioniza-
tion) rather than the abundance effect, careful analysis of the
Ca II 3934 line on a large sample of A-type stars would be in
order and worthwhile.

About a decade ago, Takeda et al. (2009: hereinafter re-
ferred to as Paper I) conducted Na abundance determinations
based on the synthetic spectrum fitting method applied to the
5880–5905 Å region comprising Na I 5890/5896 doublet (D)
for 122 A-type stars of slow as well as rapid rotators (10 <

∼
v sin i <∼ 300 km s−1). Ca abundances (along with those of O,
Fe, Si, and Ba) were also determined for these sample stars,
since a supplementary spectrum fitting analysis was likewise
carried out in that study on the 6140–6170 Å region (for the
purpose of determining v sin i and abundances of important
key elements) which comprises Ca I lines (among which the
strongest is the Ca I 6162.17 line of multiplet 3). Fortunately,

thanks to the wide wavelength coverage (∼ 3700–10000 Å) of
the echelle spectra employed in Paper I, they can be used also
for the analysis of Ca II 3934 line of present interest.

Accordingly, the author thought about conducting Ca abun-
dance determinations from the Ca II K line for these 122 stars
based on the similar spectrum fitting analysis applied to the ob-
servational data used in Paper I, while placing the main focus
on the following questions: (i) How are the Ca abundances es-
tablished from the Ca II K line related with Am phenomenon?
Is there a distinct difference between normal A stars and Am
stars in this respect? (ii) Are the Ca abundances derived from
the Ca I 6162 line in Paper I and those from the Ca II 3934 line
consistent with each other? This comparison may serve for
checking the usability of Ca II K line as an abundance indicator.
To clarify these points was the purpose of this investigation.

2. Observational data

The program stars of this study are 122 apparently bright
(V <

∼ 6) A-type main-sequence stars, which are listed in ta-
ble 1. The basic observational data of these targets are the
echelle spectra (with a spectral resolution of R ∼ 45000)
widely covering the wavelength range from ∼ 3700Å to
∼ 10000Å, which were obtained in 2008 January, 2008
September, and 2009 January by using Bohyunsan Observatory
Echelle Spectrograph (BOES) attached to the 1.8 m reflector at
Bohyunsan Optical Astronomy Observatory. See section 2 in
Paper I for more details regarding the observations and data re-
duction. Due to the lowered sensitivity of the CCD detector
in the violet region, the S/N ratio around the Ca II 3934 line
of present interest is not so high (from several tens to ∼ 100–
200 differing from star to star) as compared to the yellow–red
region. The violet-region spectrum of Procyon, which was em-
ployed as the standard reference star, was adopted from the
UVES-POP database (Bagnulo et al. 2003)1.

3. Stellar parameters

Regarding the fundamental atmospheric parameters of 122
program stars, the same values as used in Paper I were adopted
(see subsection 3.1 therein for more details). The effective
temperature (Teff ) and the surface gravity (log g) were deter-
mined photometrically mainly from Strömgren’s uvbyβ colors
according to Napiwotzki et al.’s (1993) calibration, while the
microturbulence (vt) was derived from Teff by using Takeda et
al.’s (2008) empirical formula. These parameters are summa-
rized in table 1. Among the 122 sample stars, 28 are metallic-
lined A-type (Am) stars, which are classified as Am in (at least
one of) the published spectral classifications compiled in the
SIMBAD database (cf. column 16 in table 1). As in Paper I,
Kurucz’s (1993) solar-metallicity model-atmosphere grid was
used to be interpolated in terms of Teff and log g for each
star. Regarding Procyon, the same atmospheric parameters and
model atmosphere as adopted in Paper I were used (cf. section
IV(c) in Takeda et al. 2008).

1 http://www.eso.org/sci/observing/tools/uvespop/

bright_stars_uptonow.html
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4. Spectrum fitting analysis

4.1. Outline of the method

The procedures of abundance determination are essentially
the same as in Paper I (cf. section 4 therein). First, by apply-
ing the numerical algorithm described in Takeda (1995), the
best fit between the synthetic and observed spectra was accom-
plished in the specified wavelength region while varying the
abundances of important elements (A1, A2, . . .)2, v sin i (pro-
jected rotational velocity), and ∆λ (radial velocity or wave-
length shift). Then, the equivalent width (W ) of the relevant
line of interest (Ca in the present case) was “inversely” evalu-
ated from the best-fit abundance solution with the same atmo-
spheric model/parameters as used in the spectrum-fitting anal-
ysis. This W was further used to estimate the abundance uncer-
tainties due to ambiguities of atmospheric parameters by per-
turbing the standard values interchangeably. Theoretical line-
formation calculations (necessary for spectrum synthesis or for
evaluation of W ) were made under the assumption of local
thermodynamic equilibrium (LTE) throughout this study, since
the non-LTE effect is likely to be insignificant for the relevant
Ca lines (see appendix 1).

4.2. Analysis of Ca I 6162 and Ca II 3934 lines

This spectrum fitting for the 6140–6170 Å region comprising
Ca I lines was already done in Paper I, where the atomic param-
eters of all spectral lines were taken from Kurucz and Bell’s
(1995) compilation and the abundances of five elements (O, Si,
Ca, Fe, and Ba) were varied. Hereinafter, the quantities derived
from the fitting analysis in this wavelength region are denoted
with suffix “61”. How the theoretical spectrum for the con-
verged parameters fit the observed spectrum is demonstrated
in figure 2 of Paper I, and the resulting A61(Ca) and v sin i61
for each star are presented in table 1, Among the several Ca I

lines of appreciable strengths included in this 6140–6170 Å re-
gion, the main focus is placed on the strongest Ca I 6162.17
line (multiplet 3, χlow = 1.90 eV; see table 2 for the atomic pa-
rameters of this line). Therefore, the equivalent widths of this
Ca I 6162 line (W61) were calculated inversely from A61(Ca),
which are also given in table 1.

Similarly, in order for the main purpose of determining the
Ca abundance from the strong Ca II 3934 line, synthetic spec-
trum fitting analysis was done in the same manner for the
3910–3955 Å region, where the atomic parameters were taken
from the VALD database (Ryabchikova et al. 2015) and the
abundances of Ca and Fe were varied. The quantities de-
rived from this 3910–3955 Å fitting are denoted with suffix
“39”. The resulting solutions of A39(Ca) and v sin i39 for
each star are given in table 1, while the theoretical spectrum
for the converged parameters is compared with the observed
spectrum is displayed for each star in figure 1. Likewise, the
equivalent widths (W39) of the Ca II 3933.68 line (multiplet 1,
χlow = 0.00 eV; see table 2 for the adopted atomic parameters)
were evaluated inversely from A39(Ca) and are listed in table 1.

The equivalent widths, Ca abundances, and their sensitivities
to perturbations of atmospheric parameters (Teff , logg, and vt)
estimated in the same manner as in Paper I (see the caption in

2 Abundances of the remaining elements were fixed.

figure 2 of this paper) are plotted against Teff in figure 2 (Ca I

6162) and figure 3 (Ca II 3934).

5. Discussion

5.1. Trend of Ca line strengths

It may be worthwhile to examine the behaviors of the Ca I

6162 and Ca II 3934 lines from the viewpoint of the parame-
ter dependence. As can be seen from figures 2a and 3a, W61

as well as W39 are progressively weakened with an increase in
Teff , the gradient being especially steeper for the former. This
may be interpreted as the Teff -dependence of the number pop-
ulation of the lower level from which the line forms.

According to the Saha–Boltzmann equation, the T -
dependence for the number population (nmi ) of level i (i = 0
for the ground level) at ionization stage m (=I, II, III) can be
expressed as

nmi ∝ nm+1
0 exp[(χmION −χmi )/(kT )] (1)

and

nmi ∝ nm0 exp[−χmi /(kT )] (2)

where χmi is the excitation potential of level i at ionization
stage m, χmION is the ionization potential (from the ground level
of ionization stage m), and k is the Boltzmann constant (note
that the T -dependent term proportional to ∝ T−3/2 was ne-
glected in equation (1) because it is insignificant compared to
the exponential term). Then, nI

i and nII
i can be written in terms

of nIII
0 as

nI
i ∝ nIII

0 exp[(χI
ION +χII

ION −χI
i)/(kT )] (3)

and

nII
i ∝ nIII

0 exp[(χII
ION −χII

i )/(kT )]. (4)

Here, the important point is that Ca is mainly in the twice-
ionized stage (Ca III) in the photosphere (τ5000 ∼ 1) of A-type
stars (cf. figure 4), which means that nIII

0 (dominant stage) is
not much sensitive to T .

Accordingly, the number populations of the lower level for
the Ca I 6162 and Ca II 3934 lines (nlow,61, nlow,39) have the
T -dependence of

nlow,61 ∝ exp[(6.11+11.87− 1.90)/(kT )] (5)

and

nlow,39 ∝ exp[(11.87− 0.00)/(kT )], (6)

where χI
low,61=1.90 eV (for Ca I 6162), χII

low,39=0.00 eV (for
Ca II 3934), χI

ION = 6.11 eV, and χII
ION = 11.87 eV. Equations

(5) and (6) explain the reason why W61 fades out more quickly
(compared to W39) with an increase in Teff .

Since the abscissa of the curve of growth is written as
A+ lognlow + loggf (+const.), empirical curves of growth in
the present cases of two lines can be constructed based on the
W and A results for 122 stars given in table 1 by plotting the
logW61 vs. A61 + lognlow,61 (for Ca I 6162) and logW39 vs.
A39 + lognlow,39 (for Ca II 3934) relations as shown in fig-
ures 5a and 5b, respectively, where Teff has been assigned to
T . It can be seen from figure 5 that Ca I 6162 line is on the lin-
ear (W ∝A) through the flat part of the curve of growth, while
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Fig. 1. Synthetic spectrum fitting at the 3910–3955 Å region (comprising the Ca II 3934 line) accomplished by varying the projected rotational velocity
(ve sin i39) along with the abundances of Ca and Fe. The best-fit theoretical spectra are shown by black/blue solid lines, while the observed data are
plotted by green/pink symbols (note that the masked portions of the observed spectra which were discarded because of the spectrum defect are indicated
by gray symbols). In each panel, the spectra are arranged in the descending order of ve sini61 as in table 1, and an offset of 0.5 is applied to each spectrum
(indicated by the HD number, where that of “Weak Broad K-line” star is colored in red) relative to the adjacent one. The case of Procyon (standard star)
is displayed at the bottom of the rightmost panel.
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Fig. 2. Abundance-related results derived from 6140–6170 Å fitting
(comprising Ca I lines) plotted against Teff . (a) Equivalent width of
Ca I 6162 line (W61), (b) A61(Ca) (logarithmic number abundance
of Ca in the usual normalization of AH = 12.00), (c) δT+ and δT−

(Ca abundance variations in response to Teff changes of +300 K and
−300K), (d) δg+ and δg− (Ca abundance variations in response to
logg changes of +0.3 dex and −0.3 dex), and (e) δv+ and δv− (abun-
dance variations in response to changing vt as vt × 1.3 and vt/1.3).
In panels (a) and (b), Am stars (see the remark in table 1) are expressed
in open symbols. The error bars attached in the symbols in panel
(b) are δTgv ≡

√

δ2T + δ2g + δ2v , where δT ≡ (|δT+|+ |δT−|)/2,
δg ≡ (|δg+|+ |δg−|)/2, and δv ≡ (|δv+|+ |δv−|)/2.

Ca II 3934 line is mostly on the damping part of the curve of
growth showing the square-root dependence of W upon A (ex-
cept for several lines showing anomalous weakness).

5.2. Abundance sensitivity to atmospheric parameters

Some comments may be appropriate on the abundance sensi-
tivities due to uncertainties of atmospheric parameters (cf. pan-
els (c)–(e) in figures 2 and 3) based on what has been described
in subsection 5.1.

As seen from these figure panels, Ca abundances are most
sensitive to a change in Teff (especially for early A stars). The
strong Teff -sensitivity can be explained by equations (5) and
(6), which suggest |∆A61| ∼ 16.08× (5040/T 2

eff)|∆Teff | and
|∆A39| ∼ 11.87× (5040/T 2

eff)|∆Teff |. Inserting Teff =8000K
and ∆Teff = 300K, for example, we have |∆A61| ∼ 0.4 dex
and |∆A39| ∼ 0.3 dex, consistently with figures 2c and 3c.

In contrast, Ca abundances are not so sensitive to a change
of log g (cf. figures 2d and 3d), especially for the damping-
dominated strong Ca II 3934 line because two effects caused
by an increase log g compensate with each other: i.e., (i) en-
hanced continuum opacity (line weakening) and (ii) growth of
damping wing (line strengthening).
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Fig. 3. Abundance-related results derived from 3910–3955 Å fitting
(comprising Ca II 3934) plotted against Teff . (a) Equivalent width of
Ca II 3934 line (W39), (b) A39(Ca) (Ca abundance). Panels (c), (d),
and (e) show the abundance perturbations in response to changing Teff ,
log g, and vt evaluated in the same manner as in figure 2. Regarding
the symbols in panels (a) and (b), Am stars are distinguished by open
symbols as in figure 2, while overplotted red crosses indicate “broad
weak K line” stars (labeled as BWK in the remark of table 1).

Regarding the effect of changing vt on the resulting abun-
dances, the situation is markedly different between both lines
(cf. figures 2e and 3e). Since the strength of Ca I 6162 (W61)
widely varies from very weak (linear part) at higher Teff to
strongly saturated (flat part) at lower Teff , A61 is almost vt-
independent for early-A stars, while it is very sensitive to a
choice of vt for late-A stars (Teff

<
∼ 8000K). In contrast, the

role of vt in determining A39 is essentially insignificant, be-
cause Ca II 3934 line is too strong (damping part) to be affected
by vt, though some exceptional vt-sensitive cases exist where
W39 is as low as several hundred mÅ.

5.3. Stars with anomalous Ca II 3934 line profile

Unexpectedly, embarrassing results were noticed from the
3910–3955 Å region fitting analysis (cf. section 4). That is,
v sin i39 values for some of the program stars were found to be
considerably discrepant from the v sin i61 solutions (regarded
as standard v sin i) derived from the 6140–6170 Å region fit-
ting in Paper I, despite that both are based on the same spectra.
These two v sin i values are compared in figures 6a and 6b,
which elucidate that, in an appreciable fraction of slow rotators
(v sin i61 <

∼ 100 km s−1), v sin i39 is considerably larger than
v sin i61 even by up to ∼ 200–300% in extreme cases. It is on
the side of v sin i39 (not v sin i61) that must be wrong in this
context, because v sin i61 and v sin i58 (determined in Paper I
from the spectrum fitting in the 5880–5905 Å region compris-
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Fig. 4. Number population fraction (f ) of (a) neutral, (b) once-ionized,
and (c) twice-ionized calcium species relative to the total Ca atoms
[e.g., f (Ca I) ≡N (Ca I)/NCa

total
], plotted against the continuum optical

depth at 5000 Å. Calculations were done for four log g = 4.0 model
of different Teff (7000, 8000, 9000, and 10000 K) as indicated in each
panel.

ing Na I 5890/5896 lines) are still consistent with each other as
shown in figures 6c and 6d.

A close inspection of these outliers revealed that the cause of
this discrepancy stems from the anomalous profile of the Ca II

3934 line; i.e., it is unusually broad for its weak strength. The
automatic fitting algorithm adopted in this study accomplishes
the best parameter solutions that minimize the difference (χ2)
between the theoretical and observed spectra in the relevant
wavelength region. As the Ca II K line is the dominant spectral
feature in 3910–3955 Å, this program tries to adjust v sin i so
as fit this broad Ca II 3934 line, which eventually resulted in a
spuriously large vsini39. This is the reason why an appreciable
inequality (v sin i39 > v sin i61) is seen in these stars.

Since such obtained v sini39 solution is an appreciable over-
estimation for the actual projected rotational velocity, metallic
line features other than Ca II 3934 can not be reproduced any
more, which results in considerably poor fit for such lines (e.g.,
Fe I lines); see, e.g., the spectrum fit appearance in figure 1
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Fig. 5. Curves of growth for the Ca I 6162 and Ca II 3934 lines
constructed from the equivalent widths (W ) and the correspond-
ing abundances (A) given in table 1. In panel (a) are plotted the
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the lower excitation potential of Ca I 6162, and θeff ≡ 5040/Teff .
Similarly, panel (b) shows the relations between log W39 and
A39 +(χII

ION
−χII

low,39)θeff , where χII
low,39 (= 0.0 eV) is the lower

excitation potential of Ca II 3934.

for those peculiar objects such as HD 29499 (#90), HD 33204
(#107), HD 27628 (#111), and HD 33254 (#118). On the other
hand, if the true v sin i is used as fixed, Ca II K line profile
can never be fitted no matter how A39(Ca) is varied. This sit-
uation is demonstrated in figure 7, where the observed spec-
trum of HD 29499 (the star showing the largest anomaly of
v sin i39/v sin i61 = 3.4) is compared with theoretical spectra
computed for 4 different Ca abundances but broadened with
vsini61=61 km s−1 (real rotational velocity which adequately
reproduces the profiles of neighboring metallic lines). This fig-
ure clearly shows that the observed Ca II K line is too broad
(as if it is a damping-dominated line) despite that its strength is
only mild (like lines in the flat-part of the curve of growth).

Hereinafter, 10 especially anomalous stars with the crite-
rion of v sin i39/v sin i61(≡ α) > 1.5 (i.e., discrepancy greater
than 50%) are called “Weak Broad K-line stars” (abbreviated
as WBK stars), which are marked by overplotted red crosses
in figures 3a, b and figures 6a, b. They are also remarked in
column 16 of table 1 and their HD numbers inserted in figure 1
are colored in red. The characteristics of these WBK stars can
be summarized as follows.

• They are mostly late A-type stars at Teff
<
∼ 8000K and

show considerably low A39 and small W39 compared to
other stars at the same Teff (cf. figures 3a, b).

• They are slow rotators of v sin i61 <∼ 100 km s−1 (cf. fig-
ures 6a, b).

• As can be expected from the two characteristics men-
tioned above, most of them are classified as Am, though
this does not mean that Am stars and WBK stars are
equivalent (Am stars which do not show WBK phe-
nomenon do exist).

• Since any satisfactory match could not be accomplished
between the theoretical and observed spectrum in the
3910–3955 Å fitting, the resulting A39 (or [Ca/H]39) and
W39 for these stars (shown with parentheses in table 1)
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Fig. 6. Comparison of the standard v sin i values derived from
6140–6170 Å fitting in Paper I (v sin i61) with v sin i39 (from
3910–3955 Å fitting in this study) and v sin i58 (from 5880–5905 Å
fitting in Paper I). (a) v sin i39 vs. v sin i61, (b) v sin i39/v sin i61
vs. v sin i61, (c) v sin i58 vs. v sin i61, and (d) v sin i58/v sin i61
vs. v sin i61. Am stars are distinguished by open symbols as in fig-
ures 2 and 3. As done in figures 3a and 3b, 10 weak broad K-line stars
(v sini39/v sini61 > 1.5) are marked by overplotted red crosses in the
left-hand panels (a) and (b).

are unreliable3 and thus should be regarded with caution.
• It is difficult to understand the physical mechanism caus-

ing such an extraordinary WBK phenomenon, which is
apparently inexplicable within the framework of the clas-
sical line-formation theory. A possibility of Ca abun-
dance stratification was examined (cf. appendix 2),
which however turned out unsuccessful.

5.4. Ca abundances from Ca I 6162 and Ca II 3934

We are now ready to address the questions raised in sec-
tion 1: (i) How about the characteristics of the Ca abundances
determined from Ca II K line (especially in relation to the Am
phenomenon)? (ii) Are they consistent with those obtained
from Ca I 6162 line? In figure 8 are plotted the resulting Ca
abundances from both lines ([Ca/H]39, [Ca/H]61) along with
their differences against Teff and v sin i61.

Let us discuss [Ca/H]61 first. It can be seen in figure 8b that
(i) the upper envelope of the distribution is [Ca/H]61 ∼ 0 irre-
spective of Teff , (ii) Am stars are generally underabundant in
Ca compared to normal stars, and (iii) the extent of deficiency
(lower envelope of the distribution) tends to increase with a de-
crease in Teff . Furthermore, this deficiency of Ca has a system-

3 Since a number of weaker metallic lines in the neighborhood of Ca II 3934
are regarded as if they are noises in such a case of unattained fit, A39 and
W39 values tend to be underestimated, because the continuum level is
wrongly placed too low.
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Fig. 7. Demonstration of how the typical “weak broad K line” star
HD 29499 shows an anomalous Ca II 3934 line profile. Blue solid lines
are theoretically synthesized profiles, which are computed for A(Ca) =
5.0–6.5 with a step of 0.5 dex and broadened with the standard vsini61
of 61 km s−1 (actual projected rotational velocity for this star), while
the observed profile is shown by red symbols (where the vertical offset
and the global tilt is appropriately adjusted).

atic trend in terms of rotational velocity according to figure 8e,
which shows that (iv) [Ca/H]61 is nearly normal in rapid rota-
tors (v sin i61 >∼ 100 km s−1) while (v) begins to progressively
decrease with a lowering of v sin i61 at v sin i61 <∼ 100 km s−1.
These characteristics of [Ca/H]61 seem to well fit the expec-
tations from the diffusion theory, which predicts that photo-
spheric Ca deficiency develops due to element segregation in
the deeper stable radiative envelope of slow rotators (cf. the
references quoted in section 1) and this anomaly tends to be
enhanced towards lower Teff (see, e.g., figure 14 in Richer et al.
2000).

In contrast, the behaviors of [Ca/H]39 are rather different
(although some similar tendency to that of [Ca/H]61 is also
seen in the qualitative sense): [Ca/H]39 tends to be lower than
[Ca/H]61 and the difference tends to grow towards lower Teff

as displayed in figure 8c, which shows that [Ca/H]39 is consid-
erably below [Ca/H]61 by ∼ 1 dex or more in late A stars (es-
pecially Am stars) at Teff

<
∼ 8000K while [Ca/H]39 is nearly on

the same order of (or slightly below) [Ca/H]61 at early A stars
(Teff

>
∼ 8000K). As a result, [Ca/H]39 progressively declines

with a decrease of Teff for both Am and normal stars (cf. fig-
ure 8a). Meanwhile, this discrepancy seems to be independent
of v sin i61 (figure 8f).

Also, with a suspicion that this Teff -dependent Ca II–Ca I

abundance difference might be due to a non-LTE effect, test
non-LTE calculations were carried out for representative cases
of different (Teff , A(Ca)) combinations. However, the result-
ing non-LTE corrections turned out to be too small to explain
the problem. These supplementary calculations are separately
described in appendix 1.

Accordingly, the following speculations may as well be
made based on what has been elucidated regarding the char-
acteristics of [Ca/H]61 and [Ca/H]39.

• Ca abundances derived from Ca I 6162 are considered to
be reliable and thus [Ca/H]61 represents the true photo-
spheric abundance of calcium. Therefore, the observed
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characteristics of [Ca/H]61 (see (i)–(v) above) may sug-
gest that Ca is actually deficient in the atmosphere of Am
stars, which stems from the atomic diffusion process op-
erating in the stable radiative envelope of slow rotators.

• On the other hand, Ca abundances derived from Ca II

3934 are probably not correct especially for late A-type
stars (Teff

<
∼8000K) where [Ca/H]39 seems to be consid-

erably underestimated in comparison with (presumably
correct) [Ca/H]61 by up to ∼ 1 dex or more.

• However, the cause for this erroneous underestimation
of [Ca/H]39 is totally unknown. It may be possible that
this has something to do with the WBK phenomenon (cf.
subsection 5.3), which is seen mainly in slowly rotating
late A-type stars apparently showing conspicuously low
[Ca/H]39. Clarifying the reason why Ca II K line shows
such an unusual behavior in slow rotators of cool A stars
(Teff

<
∼ 8000K) should be an important issue to be ad-

dressed.
• As to the question regarding the cause for the weak-

ness of Ca II K line in Am stars, which motivated this
study, two compound factors seem to be responsible: (1)
Deficiency of Ca abundance in the photosphere possi-
bly resulting from the diffusion process (as indicated by
[Ca/H]61) is naturally the one reason. (2) Yet, there is
more than that. Some unknown special mechanism of
weakening Ca II 3934 line so operates in late A stars
(Teff

<
∼ 8000K) as to further decrease the strength of this

line. This synergy effect would be the reason why clas-
sical Am stars (mostly late A-type) show markedly weak
Ca II K line.

• Accordingly, we would have to realize that some un-
known aspect beyond our current comprehension (i.e.,
WBK phenomenon or extra weakening mechanism of
Ca II K line) still exists regarding chemically peculiar
stars (including Am stars) of upper main sequence. In
this field of stellar physics, abundance anomaly caused
by atomic diffusion has been the main stream interpre-
tation for their spectrum peculiarity for almost a half
century. Admittedly, this line of theoretical investigation
is surely important and still to be pursued. In addition,
however, it may be worth paying attention also to a pos-
sibility of non-classical atmospheric effect (e.g., stratifi-
cation/ionization difference in slowly rotating stars com-
pared to rapid rotators) such as previously considered by
Böhm-Vitense (1976, 2006) for the cause of Am phe-
nomenon.

5.5. Comparison with previous work

Finally, it may be worth comparing our W39 and A39 results
with the data derived by Guthrie (1987), who determined the
equivalent widths of Ca II K line and the resulting Ca abun-
dances for a large number of 57 Am stars, though his work is
based essentially on the literature data of k and Sp(K) which
were converted to W39 by using the empirical relation.

Since 13 Am stars of Teff
<
∼8000K (#65, #75, #77, #86, #94,

#95, #106, #107, #109, #111, #112, #118, and #119) among his
57 sample stars are in common with our program stars, compar-
isons of Ca II K-related results for these 13 objects are shown in
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Fig. 8. Comparison of two Ca abundances (relative to the reference star
Procyon; cf. table 1) corresponding to Ca II 3934 and Ca I 6162 lines
and their trends in terms of Teff and v sin i61. [Ca/H]39, [Ca/H]61,
and [Ca/H]39−[Ca/H]61 are plotted against Teff in the left-hand panels
(a–c), and against v sin i61 in the right-hand panels (d–f). The mean-
ings of the symbols are the same as in figure 7.

figure 9. As can be seen from this figure, a considerably large
discrepancy is seen in the sense that Guthrie’s (1987) W39 as
well as A39 are systematically large (by a factor of <

∼ 2 for
W39 and by <

∼ 1 dex for A39, even if excluding the data for
WBK stars which are unreliable and probably underestimated;
cf. footnote 3 ).

The author has no idea about the reason for such a seriously
large difference. Since Guthrie’s analysis is based on the pub-
lished literature data of photometric k index or K-line spec-
tral type, its quantitative credibility may not be so high, espe-
cially for cool Am stars where contamination of neighboring
metallic lines are significant. On the other hand, North et al.
(1997) stated that their Ca II K line results for 23 Am stars
based on spectrum synthesis (probably more reliable) are in
good agreement with those of Guthrie (1987), though unfortu-
nately North et al. did not publish any detailed data necessary
for further check. If the conclusions of these previous investi-
gations are correct, something might be wrong with the results
of this study.

In any event, the problem is that research work on the Ca II K
line in A-type stars has been insufficient so far as mentioned in
section 1. Consequently, further follow-up study on this sub-
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Fig. 9. Comparison of (a) W39 (equivalent width of Ca II 3934 in Å)
and (b) A39 (logarithmic Ca abundance) derived by Guthrie (1987)
based on Henry’s (1969) narrow-band K-line photometry data with
those derived in this study, for 13 stars in common (all are cool Am
stars of Teff

<
∼ 8000K, among which 4 are weak broad K line stars).

The same meanings of symbols as in figure 3.

ject is necessary, by which more light would be shed on this
situation.

6. Summary and conclusion

Despite that the strong Ca II K line at 3934 Å plays an impor-
tant role in the spectral classification of upper main-sequence
stars (its weakness is one of the criteria for Am stars), quanti-
tative spectroscopic studies of this Ca II 3934 line for a large
number of A-type stars have been insufficient so far, and the
cause of Ca II K line weakening in relation to the Am phe-
nomenon is not clarified yet. In order to address this issue,
studying this Ca II K line along with the neutral Ca I lines for
comparison should be worthwhile.

About a decade ago, Takeda et al. (2009) carried out a syn-
thetic spectrum-fitting analysis applied to the 6140–6170 Å re-
gion for a large sample of 122 A-type main-sequence stars
(Teff ∼ 7000–10000 K) in a wide rage of rotational velocity
(vsini∼ 10–300 km s−1). Since this region included Ca I lines,
Ca abundances from Ca I lines ([Ca/H]61) and Ca I 6162 line
strengths (W61) are already available for these sample stars.

In this investigation, the same spectrum synthesis technic
was applied anew to the 3910–3955 Å region (comprising
Ca II 3934) to determine the Ca abundances from Ca II 3934
([Ca/H]39) and its line strengths (W39) for these 122 program
stars (including 28 Am stars) by using the same observational

data, in order to clarify (i) how the resulting Ca abundances are
related with the Am phenomenon and (ii) whether [Ca/H]39
and [Ca/H]61 are consistent with each other.

It was confirmed that, for both Ca I and Ca II lines, Ca line
strengths in Am stars tend to be weaker and associated abun-
dances are lower compared to non-Am stars at the same Teff ,
indicating a deficiency of Ca in the photosphere of Am stars
which are mostly slow rotators. Since the upper envelope of
[Ca/H]61 vs. Teff distribution is [Ca/H]61 ∼ 0 (irrespective of
Teff ) for normal A stars, it may be reasonable to state that Ca I

6162 line yields correct Ca abundances.
Regarding the comparison between [Ca/H]39 and [Ca/H]61,

while both are roughly consistent with each other for hotter
stars (Teff

>
∼ 8000K), the former tends to be lower (by up

to ∼ 1 dex or even more) than the latter for cooler A stars
(Teff

<
∼ 8000K). Accordingly, [Ca/H]39 is likely to be erro-

neously underestimated in such late A-type stars for some un-
known reason.

In addition, an appreciable fraction of these cool A (mostly
Am) stars were found to show unusually anomalous Ca II 3934
line feature (i.e., extraordinarily broad for its considerable
weakness) which is hard to explain. These “Weak Broad K-
line” stars yielded apparently low Ca II K line strengths and
[Ca/H]39 values; but they are subject to large uncertainties (pre-
sumably underestimated) and thus unreliable, because theoreti-
cally synthesized spectrum could not fit the observed spectrum.

Accordingly, some special mechanism reducing the strength
(and broaden the width) of Ca II 3934 line seems to be involved
at Teff

<
∼ 8000K where [Ca/H]39 would be no more reliable.

Atomic diffusion process (causing the deficit of Ca in the
photosphere as a result of element segregation in the deeper
radiative envelope) is currently the promising explanation for
the Am phenomenon, which seems to be consistent with the
qualitative trend of [Ca/H]61 in A-type stars. When it comes to
Ca II 3934 K line, however, its considerable weakness in clas-
sical Am stars should not necessarily be attributed to only this
element diffusion scenario; i.e., some independent mechanism
weakening this resonance line (specific to slowly rotating Am
stars) may also be working.

As a last remark, the equivalent widths of the Ca II 3934 line
measured in this study for cool Am stars (and the associated Ca
abundances) appear to be in conflict (i.e., tend to be systemat-
ically smaller) with those of previous investigations. Further
follow-up verification studies are to be desirably awaited.

This research has made use of the SIMBAD database, op-
erated by CDS, Strasbourg, France. This investigation has
also made use of the VALD database, operated at Uppsala
University, the Institute of Astronomy RAS in Moscow, and
the University of Vienna. Part of the observational data of this
work is taken from the stellar spectra archive of the UVES
Paranal Observatory Project (ESO DDT Program ID 266.D-
5655).

Appendix 1. Non-LTE effect on Ca abundance determi-

nations

Although a number of papers have been published on the
non-LTE line formation of Ca II resonance lines at 3934 Å (K)
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and 3968 Å (H) for solar-type (F-, G-, and K-type) stars be-
cause core emission feature of these doublet lines is a good in-
dicator of chromospheric activity, non-LTE effect on Ca abun-
dance determinations in A-type stars (especially in relation to
the Ca II K line) has been scarcely studied so far. As far as the
author knows, it is probably only the following two investiga-
tions that are available at present: (i) Snijders (1975) carried
out non-LTE calculations for Ca II in the Teff range of 10000–
15000 K (hot A and late B stars). His results are described in
Leckrone (1976), who stated that the non-LTE effect depends
on the treatment of UV flux. (ii) Stürenburg (1993) determined
the non-LTE corrections for Ca I and Ca II lines for A-type stars
of Teff ∼ 7500–9000 K in his abundance analysis of λBootis
stars. His results indicated that the non-LTE correction is line-
dependent but quantitatively insignificant because its signs are
negative and positive around zero.

On this occasion, the author conducted test non-LTE cal-
culations for Ca I 6162 and Ca II 3934 lines in the scope of
A-type main-sequence stars, in order to examine whether or
not the results of this study are significantly affected by the
non-LTE effect. The atomic model and the computational pro-
cedure are the same as adopted by Takeda et al. (2010; cf.
appendix B therein) in their non-LTE simulation of solar Ca II

K line core emission profiles. The statistical-equilibrium cal-
culations were carried out for three models with Teff = 7000,
8500, and 10000 K (each with the same solar-metallicity and
logg = 4) and vt = 2 km s−1.

In figure 10 are shown the lNLTE
0 (τ)/lLTE

0 (τ) (the NLTE-
to-LTE line-center opacity ratio; nearly equal to ≃ bl) and
SL(τ)/B(τ) (the ratio of the line source function to the Planck
function; nearly equal to ≃ bu/bl), where bl and bu are the non-
LTE departure coefficients for the lower and upper levels, re-
spectively) for each of the Ca I 43Po–53S transition (relevant to
Ca I 6162 of multiplet 3) and Ca II 42S–42Po transition (corre-
sponding to Ca II 3934 of multiplet 1). Also, the LTE and non-
LTE equivalent widths for the Ca I 6162 and Ca II 3934 lines
along with the corresponding non-LTE abundance corrections
were computed for each case, which are summarized in table 3.

An inspection of figure 10 and table 3 reveals the following
characteristics regarding the non-LTE effect for these two Ca
lines.

• Generally speaking, non-LTE departure is restricted to
high atmosphere, and the non-LTE corrections (∆) are
insignificant for both lines (<∼ 0.1 dex in most cases).

• Regarding Ca II 3934, ∆39 values are negative (cor-
responding to non-LTE line strengthening reflecting
SL/B < 1) but their extents are almost negligible, ex-
cept for the saturated line case of high forming depth
(W39

<
∼ 200mÅ for the t100g40 model with A = 4.36

in table 3) corresponding to the flat part of the curve of
growth.

• In contrast, behaviors of ∆61 for Ca I 6162 are more
complex, in the sense that its sign can be positive as
well as negative. This is due to the fact that both op-
posite effects of (1) underpopulation of the lower level
(line weakening) and (2) dilution of SL (line strength-
ening) act in the formation of this line. Again, ∆61

becomes non-negligible for the cases of saturated lines
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Fig. 10. The NLTE-to-LTE line-center opacity ratio (upper panels a–c)
and the ratio of the line source function (SL) to the local Planck
function (B) (lower panels d–f) for the Ca I 43Po–53S transition of
Ca I 6162 (red lines) and the Ca II 42S–42Po transition of Ca II 3934
(blue lines), plotted against the continuum optical depth at 5000 Å.
Computations were done on three logg = 4.0 solar-metallicity models
with different Teff of 7000 K (left panels a, d), 8500 K (middle panels
b, e), and 10000 K (right panels c, f), for three Ca abundances of A(Ca)
= 6.36 (solar), 5.36 (1/10× solar) and 4.36 (1/100× solar) as depicted
in solid, dashed, and dotted lines, respectively.

(W61 ∼ 100–200 mÅ; A = 6.36 case for t070g40 and
t085g40 models).

• In any event, non-LTE effect is not quantitatively signif-
icant as far as the Ca lines used in this investigation for
the analysis of A-type stars are concerned, which means
that the assumption of LTE is reasonable in the practical
sense. Also, the resulting trend of ∆ values in table 3
indicates that these (conventionally evaluated) non-LTE
corrections are unable to explain the serious discrepancy
between [Ca/H]39 and [Ca/H]61 mentioned in subsec-
tion 5.4.

Appendix 2. Effect of abundance stratification on the

Ca II K line profile

As described in subsection 5.3, the existence of ‘Weak Broad
K line” (WBK) stars, which are mainly seen in slowly rotating
cool Am stars, was an embarrassing finding. How could such
an extraordinary profile be possible?

When it comes to anomalous Ca II 3934 line profile in chem-
ically peculiar stars, what comes to our mind is the case of
some cool Ap stars showing a peculiar K line profile with sharp
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core and broad wing. This unusual Ca II K line shape is nowa-
days considered to be due to the stratified Ca abundance in the
atmosphere (i.e., Ca atoms settle out towards deeper subphoto-
spheric layer, leading to a deficiency in the upper atmosphere
and an overabundance in the deep photosphere). Actually, an
appropriately adjusted stratified model of Ca distribution can
reproduce the observed K line profile of such Ap stars remark-
ably well (see, e.g., figure 3 in Ryabchikova 2014).

This is demonstrated in figure 11, where two Ca II K lines
profiles computed for two cases of Ca distribution (homoge-
neous case and stratified case) are compared with each other.
Here, the atmospheric parameters and the Ca abundance profile
were chosen by consulting figure 4 of Ryabchikova (2014). It
can be seen from this figure that the stratification of Ca atoms
can produce such a characteristic profile (with wider wing and
sharper core in comparison with normal profile) as actually ob-
served in Ap stars (e.g., 10 Aql).

However, these examples in figure 11 correspond to the case
of damping-dominated strong line and do not represent the
weak Ca II K line as observed in WBK stars (W39

<
∼ 1000mÅ;

cf. figure 3a). Therefore, simulations were carried out to exam-
ine whether it is possible to produce weak but broad profile by
adequately adjusting the stratified Ca abundance distribution.
The results are depicted in figure 12 (see the caption of this fig-
ure for the details of this test calculation). Although we refrain
from going into in-depth discussion, one important conclusion
elucidated from figure 12 should be mentioned: In case where
the line strength is considerably weak (logW <

∼ 3) compared
to those of normal A stars, the line profile can not be made
significantly different from that of the ordinary homogeneous
case (cf. the left part of each panel b–d and f–h in figure 12,
where we can see that symbols are asymptotically merged with
the red line), no matter how the distribution of Ca stratifica-
tion is changed (as far as the present modeling is concerned).
Accordingly, it may be concluded that the depth-dependent Ca
abundance distribution can not be an explanation for the WBK
phenomenon.
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Table 1. Basic stellar data and the results of the analysis.∗

star# HD# HR# Name Sp. type Teff logg vt v sin i61 [Fe/H]61 [Ca/H]61 W61 [Ca/H]39 W39 α Remark

1 130109 5511 109 Vir A0 V 9683 3.68 2.4 290 −0.80 · · · · · · +0.24 985 1.21

2 192696 7740 33 Cyg A3 IV–Vn 7815 3.49 4.0 268 −0.30 +0.19 164 −0.79 1741 0.87

3 38678 1998 ζ Lep A2 Vann 8610 3.96 3.7 246 −0.48 −0.09 69 −0.41 1404 0.99

4 28024 1392 υ Tau A8 Vn 7107 3.20 3.3 233 −0.05 +0.01 167 −0.56 3793 0.72

5 19275 932 A2 Vnn 9111 4.12 3.2 232 −0.16 −0.42 18 −0.06 1358 1.26

6 187642 7557 αAql A7 IV–V 7717 4.00 3.9 231 +0.19 −0.51 104 −0.37 2899 0.85

7 203280 8162 αCep A7 IV–V 7585 3.73 3.8 229 +0.14 +0.28 185 −0.36 3280 0.86

8 92769 4189 40 LMi A4 Vn 7820 4.01 4.0 225 −0.06 +0.05 156 −0.79 1666 0.92

9 14055 664 γ Tri A1 Vnn 9335 3.98 2.9 221 +0.00 · · · · · · −0.33 819 1.13

10 118098 5107 ζ Vir A3 V 8249 4.02 4.0 218 +0.16 · · · · · · −0.58 1565 0.93

11 33111 1666 β Eri A3 IIIvar 7928 3.59 4.0 217 +0.02 +0.39 175 −0.62 1910 0.83

12 116842 5062 80 UMa A5 V SB 7942 4.02 4.0 217 −0.10 −0.09 134 −0.32 2600 0.96

13 106591 4660 δUMa A3 Vvar 8629 3.85 3.7 210 −0.38 −0.31 46 −0.15 1817 1.05

14 19107 925 ρ3 Eri A8 V 7772 3.96 4.0 197 +0.00 +0.01 155 −0.96 1438 0.99

15 37507 1937 49 Ori A4 V 7979 3.82 4.0 192 −0.06 +0.03 140 −0.81 1484 1.01

16 126248 5392 A5 V 8212 4.02 4.0 190 −0.15 −0.35 83 −1.05 957 1.09

17 79439 3662 18 UMa A5 V 7822 4.03 4.0 187 +0.08 +0.07 158 −0.44 2478 0.90

18 27946 1388 κ2 Tau A7 V 7401 3.84 3.7 187 −0.06 −0.32 136 −0.29 3865 0.90

19 197950 7945 4 Cep A8 V 7768 4.08 4.0 186 +0.20 +0.02 157 −0.27 3139 0.89

20 97603 4357 δ Leo A4 V 8180 3.90 4.0 184 +0.06 +0.26 148 −0.16 2636 0.91

21 141003 5867 β Ser A3 V 8580 3.56 3.7 180 −0.47 −0.85 15 −0.25 1662 1.06

22 16970 804 γ Cet A3 V 9122 4.05 3.2 180 +0.08 +0.14 45 +0.16 1704 0.96

23 102124 4515 ξVir A4 V 8026 4.09 4.0 177 +0.24 +0.14 152 −0.34 2395 0.80

24 18978 919 τ3 Eri A4 V 8062 4.03 4.0 175 +0.09 +0.22 155 −1.05 1067 0.98

25 59037 2857 64 Gem A4 V 8238 3.99 4.0 173 −0.07 −0.13 105 −0.18 2484 0.95

26 192425 7724 ρAql A2 V 8984 4.21 3.3 167 +0.18 −0.19 37 −0.19 1337 0.93

27 30780 1547 97 Tau A7 IV–V 7644 3.87 3.9 165 −0.07 −0.12 147 −0.70 2100 1.37

28 80081 3690 38 Lyn A1 V 9014 3.82 3.3 163 −0.36 +0.04 39 +0.09 1657 1.21

29 110411 4828 ρVir A0 V 9117 4.22 3.2 162 −0.47 −0.61 13 −1.26 412 1.02

30 103287 4554 γ UMa A0 V SB 9202 3.79 3.0 161 −0.21 −0.42 11 −0.26 950 1.05

31 6695 328 ψ2 Psc A3 V 8765 4.13 3.6 156 −0.12 +0.23 89 +0.07 2147 0.92

32 56537 2763 λGem A3 V... 8458 3.90 3.8 148 −0.10 +0.14 106 +0.00 2516 0.96

33 135559 5679 4 Ser A4 V 7992 4.14 4.0 145 −0.14 −0.21 119 −1.26 889 1.31

34 20677 1002 32 Per A3 V 8952 4.08 3.3 142 +0.04 −0.05 46 −0.10 1490 0.92

35 210418 8450 θ Peg A2 V 8888 3.82 3.4 141 −0.43 −0.20 33 −0.17 1388 1.00

36 87696 3974 21 LMi A7 V 7878 4.13 4.0 140 −0.11 −0.15 133 −0.37 2569 1.09

37 8538 403 δ Cas A5 Vv SB 7776 3.41 4.0 138 −0.16 −0.19 128 −0.52 2468 0.77

38 76644 3569 ιUMa A7 IV 7934 4.22 4.0 135 −0.13 +0.05 151 −0.07 3485 1.01

39 91312 4132 A7 IV 7724 4.08 3.9 133 −0.10 −0.03 152 −0.59 2234 1.38

40 29488 1479 σ2 Tau A5 Vn 7990 3.82 4.0 132 −0.08 −0.04 132 −0.30 2610 0.82

41 222661 8988 ω2 Aqr B9 V 10481 4.28 1.5 130 −0.13 −0.40 1 +0.05 509 1.11

42 71155 3314 A0 V 9718 4.11 2.4 127 −0.39 −0.61 3 −0.36 584 1.12

43 99211 4405 γ Crt A9 V 7722 3.95 3.9 124 −0.16 −0.19 137 −0.23 3383 1.00

44 218045 8781 α Peg B9.5 III 9643 3.52 2.5 121 −0.34 · · · · · · −0.16 637 1.14

45 1404 68 σAnd A2 V 8828 4.00 3.5 121 −0.29 −0.23 40 −0.18 1501 0.96

46 139006 5793 αCrB A0 V 9573 3.87 2.5 121 −0.16 +0.11 15 −0.06 852 1.04

47 213558 8585 αLac A1 V 9434 4.14 2.7 119 −0.21 −0.38 10 +0.01 1112 1.12

48 127762 5435 γ Boo A7 IIIvar 7663 3.59 3.9 117 −0.23 −0.12 143 −0.26 3518 1.02

49 102647 4534 β Leo A3 Vvar 8643 4.17 3.7 117 −0.07 +0.04 85 −0.08 2018 0.97

50 28527 1427 A6 IV 8039 3.99 4.0 116 +0.01 −0.01 134 −0.05 3338 0.88

51 32301 1620 ιTau A7 V 7937 3.74 4.0 116 −0.07 −0.02 136 −0.14 3271 0.97

52 177196 7215 16 Lyr A7 V 7940 4.10 4.0 116 −0.09 −0.16 128 −0.22 2929 1.01

53 28910 1444 ρTau A8 V 7520 3.97 3.8 111 −0.24 −0.43 124 −0.30 3621 1.25
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Table 1. (Continued.)

star# HD# HR# Name Sp. type Teff logg vt v sin i61 [Fe/H]61 [Ca/H]61 W61 [Ca/H]39 W39 α Remark

54 137898 5746 10 Ser A8 IV 7582 3.97 3.8 109 −0.05 −0.10 152 (−0.99) (1569) 1.77 WBK

55 48097 2466 26 Gem A2 V 8984 4.23 3.3 109 −0.12 −0.04 48 −0.24 1275 1.00

56 200761 8075 θCap A1 V 9633 4.11 2.5 106 +0.02 +0.26 23 +0.06 988 1.02

57 31295 1570 π1 Ori A0 V 8993 4.11 3.3 105 −0.72 −0.91 8 −0.96 576 1.10

58 125162 5351 λBoo A0sh 8834 4.08 3.5 103 −1.54 · · · · · · −1.74 343 1.06

59 85376 3900 22 Leo A5 IV 7459 3.98 3.7 102 −0.18 −0.50 117 −0.91 1851 1.31

60 31647 1592 ωAur A1 V 9478 4.27 2.7 101 +0.00 −0.13 17 −0.22 871 1.08

61 6961 343 θCas A7 Vvar 7900 3.81 4.0 100 +0.07 −0.09 133 −0.26 2908 0.96

62 18454 883 4 Eri A5 IV/V 7740 4.07 3.9 100 +0.21 +0.05 159 −0.26 3234 1.17

63 76543 3561 o1 Cnc A5 III 8330 4.18 3.9 91 +0.31 +0.05 117 −0.27 2075 1.25

64 12216 580 50 Cas A2 V 9553 3.90 2.6 88 +0.15 +0.40 28 +0.21 1172 1.05

65 28355 1414 79 Tau A7 V 7809 3.98 4.0 87 +0.15 −0.35 115 −0.42 2557 1.00 Am

66 222345 8968 ω1 Aqr A7 IV 7487 3.88 3.8 86 −0.07 +0.03 168 −0.37 3428 1.26

67 74198 3449 γ Cnc A1 IV 9381 4.11 2.8 85 +0.26 −0.14 18 −0.20 931 1.01

68 27934 1387 κ1 Tau A7 IV–V 8159 3.84 4.0 83 +0.00 −0.05 116 −0.12 2817 0.85

69 25490 1251 ν Tau A1 V 9077 3.93 3.2 82 +0.01 −0.44 15 −0.41 934 0.98

70 29388 1473 90 Tau A6 V 8194 3.88 4.0 82 −0.03 −0.03 116 −0.10 2795 0.92

71 79469 3665 θHya B9.5 V 10510 4.20 1.4 82 −0.01 · · · · · · −0.37 308 1.18

72 28226 1403 Am 7361 4.01 3.6 81 +0.25 −0.38 128 −0.60 2681 1.02 Am

73 207098 8322 δ Cap A5mF2 (IV) 7312 4.06 3.6 81 +0.10 −0.45 123 −0.74 2325 1.18 Am

74 216627 8709 δAqr A3 V 8587 3.59 3.7 79 −0.26 −0.06 63 −0.20 1750 1.02

75 33641 1689 µAur A4m 7961 4.21 4.0 79 +0.08 −0.56 85 −0.58 1910 1.15 Am

76 12111 575 48 Cas A3 IV 7910 4.08 4.0 76 −0.26 −0.33 112 −0.55 2062 1.04

77 23281 1139 A5m 7761 4.19 4.0 76 +0.03 −0.44 112 (−1.21) (1106) 1.85 Am, WBK

78 192640 7736 29 Cyg A2 V 8845 3.86 3.5 74 −1.54 −0.41 25 −0.60 915 1.03

79 11636 553 β Ari A5 V... 8294 4.12 3.9 73 +0.10 −0.18 96 −0.38 1885 0.97 Am

80 173880 7069 111 Her A5 III 8567 4.27 3.8 72 +0.20 −0.10 82 −0.19 1908 1.01

81 5448 269 µAnd A5 V 8147 3.82 4.0 72 −0.14 −0.14 107 −0.27 2383 0.87

82 17093 812 38 Ari A7 III-IV 7541 3.95 3.8 69 −0.25 −0.20 144 −0.39 3191 1.15

83 28319 1412 θ2 Tau A7 III 7789 3.68 4.0 68 −0.11 −0.15 134 −0.20 3403 1.35

84 95382 4294 59 Leo A 5III 8017 3.95 4.0 68 −0.10 −0.08 128 −0.22 2785 1.00

85 140436 5849 γ CrB A1 Vs 9274 3.89 3.0 68 −0.21 +0.05 25 (−0.42) (762) 1.98 WBK

86 20320 984 ζ Eri A5m 7505 3.91 3.8 67 −0.13 −0.76 90 −1.27 1228 1.42 Am

87 13161 622 β Tri A5 III 7957 3.68 4.0 65 −0.40 −0.44 90 −0.40 2408 1.35

88 27045 1329 ω2 Tau A3m 7552 4.26 3.8 62 +0.32 −0.45 117 −0.80 1892 1.33 Am

89 200499 8060 η2 Cap A5 V 8081 3.95 4.0 61 −0.21 −0.10 120 −0.49 1937 1.13

90 29499 1480 A5m 7638 4.08 3.9 61 +0.32 +0.16 175 (−0.86) (1722) 3.42 Am, WBK

91 116656 5054 ζ UMa A2 V 9317 4.10 2.9 59 +0.27 −0.09 22 +0.00 1215 1.09

92 198639 7984 56 Cyg A4me... 7921 4.09 4.0 59 +0.03 −0.22 123 −0.32 2649 1.03

93 130841 5531 α2 Lib A3 IV 8079 3.96 4.0 58 −0.37 −1.12 27 (−0.69) (1554) 2.05 Am, WBK

94 30121 1511 4 Cam A3m 7700 3.98 3.9 57 +0.25 −0.58 98 −0.98 1469 1.33 Am

95 30210 1519 Am... 7927 3.94 4.0 56 +0.44 −0.62 77 −1.36 840 1.46 Am

96 29479 1478 σ1 Tau A4m 8406 4.14 3.9 56 +0.35 −0.38 66 −0.47 1559 0.96 Am

97 222603 8984 λ Psc A7 V 7757 3.99 4.0 55 −0.19 −0.13 143 −0.34 2911 1.14

98 212061 8518 γ Aqr A0 V 10384 3.95 1.5 54 −0.01 · · · · · · −0.06 422 1.21

99 89021 4033 λUMa A2 IV 8861 3.61 3.5 52 +0.06 −0.24 28 −0.29 1230 0.97

100 195725 7850 θCep A7 III 7816 3.74 4.0 49 +0.14 −0.17 131 −0.43 2569 0.99 Am

101 43378 2238 2 Lyn A2 Vs 9210 4.09 3.0 46 −0.15 −0.07 28 −0.10 1191 0.89

102 27819 1380 δ2 Tau A7 V 8047 3.95 4.0 45 −0.04 −0.01 132 −0.14 2977 0.93

103 95418 4295 β UMa A1 V 9489 3.85 2.7 44 +0.21 −0.14 10 −0.08 891 1.00

104 218396 8799 A5 V 7091 4.06 3.3 41 −0.58 −0.74 101 (−0.89) (2255) 1.72 WBK

105 84107 3861 15 Leo A2 IV 8665 4.31 3.7 38 +0.01 −0.36 50 −0.37 1438 0.95

106 204188 8210 A8m 7622 4.21 3.9 36 +0.02 −0.38 123 −0.51 2577 1.13 Am
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Table 1. (Continued.)

star# HD# HR# Name Sp. type Teff logg vt v sin i61 [Fe/H]61 [Ca/H]61 W61 [Ca/H]39 W39 α Remark

107 33204 1670 A5m 7530 4.06 3.8 34 +0.28 −0.32 133 (−1.52) (902) 3.06 Am, WBK

108 141795 5892 ǫSer A2m 8367 4.24 3.9 32 +0.23 −0.66 46 −0.70 1264 1.01 Am

109 173648 7056 ζ1 Lyr Am 8004 3.90 4.0 32 +0.29 −0.38 96 −0.50 2036 0.95 Am

110 112185 4905 ǫUMa A0p 9407 3.61 2.8 32 +0.17 · · · · · · −1.46 271 1.18

111 27628 1368 60 Tau A3m 7218 4.05 3.5 30 +0.32 −0.67 104 (−2.57) (379) 3.21 Am, WBK

112 28546 1428 81 Tau Am 7640 4.17 3.9 28 +0.22 −0.39 122 −0.62 2249 0.99 Am

113 172167 7001 αLyr A0 Vvar 9435 3.99 2.7 21 −0.55 −0.47 7 −0.62 546 1.00

114 60179 2891 αGem A2 Vm 9122 3.88 3.2 19 −0.03 −0.74 7 −0.68 660 1.21 Am

115 95608 4300 60 Leo A1m 8972 4.20 3.3 18 +0.30 −0.83 11 −0.73 754 1.01 Am

116 48915 2491 αCMa A0m... 9938 4.31 2.1 16 +0.42 −0.52 3 −0.39 502 1.11 Am

117 27749 1376 63 Tau A1m 7448 4.21 3.7 13 +0.47 −1.16 51 (−2.18) (487) 2.24 Am, WBK

118 33254 1672 16 Ori A2m 7747 4.14 3.9 13 +0.38 −0.95 59 (−1.75) (623) 3.22 Am, WBK

119 72037 3354 2 UMa A2m 7918 4.16 4.0 12 +0.21 −1.03 43 −1.10 1121 1.12 Am

120 27962 1389 δ3 Tau A2 IV 8923 3.94 3.4 11 +0.23 −0.24 31 −0.32 1174 1.15 Am

121 47105 2421 γ Gem A0 IV 9115 3.49 3.2 11 −0.06 −0.03 21 −0.22 1002 1.47

122 40932 2124 µOri Am... 8005 3.93 4.0 11 −0.12 −0.76 58 −0.60 1827 1.31 Am
∗ In columns 1–8 are given the star number (arbitrarily assigned in this study), HD number, HR number, star name (with constellation), spectral
type (taken from the Bright Star Catalogue; Hoffleit & Jaschek 1982), effective temperature (in K), logarithmic surface gravity (in cm s−2/dex), and
microturbulent velocity (in km s−1), which are the same as in table 1 of Paper I. Columns 9 through 12 present the results (designated by suffix “61”)
obtained from the 6140–6170 Å region fitting carried out in Paper I: the projected rotational velocity (in km s−1), Fe abundance, Ca abundance and
the equivalent width of Ca I 6162 line. The Ca abundance and equivalent width of the Ca II 3934 line (designated by suffix “39”) obtained from the
3910–3955 Å region fitting analysis of this study are given in columns 13 and 14, respectively. Column 15 presents v sini39/v sini61 (≡α), which
is the ratio of v sin i values derived from two fitting analyses of 3910–3955 Å region and 6140–6170 Å region. In the final column 16, “Am” means
stars classified as metallic-line star in (at least one of) the published spectral classifications compiled in the SIMBAD database (note that this does
not necessarily consistent with the spectral type given in column 5), and “WBK” denotes Weak Broad K-line star (defined by the criterion α> 1.5).
All the abundance results ([X/H]; in dex) are the differential values relative to Procyon (AFe

61
= 7.49, ACa

61
= 6.19, and ACa

39
= 6.15, which are

almost equivalent to the solar abundances) and equivalent widths are in mÅ. The parenthesized values in columns 13 and 14 are unreliable and thus
should not be seriously taken because they are of the anomalous Weak Broad K-line stars. The 122 stars are arranged in the descending order of
ve sin i61, to make it consistent with figure 1 (and figure 2 in Paper I).

Table 2. Atomic data of Ca I 6162 and Ca II 3934 lines used in the spectrum synthesis.∗

RMT λ χlow loggf Gammar Gammas Gammaw Source

(Å) (eV) (dex) (dex) (dex) (dex)

1 3933.655 0.000 −2.623 8.21 −5.73 −7.76 VALD

1 3933.657 0.000 −4.293 8.21 −5.73 −7.76 VALD

1 3933.659 0.000 −1.576 8.21 −5.73 −7.76 VALD

1 3933.660 0.000 −2.765 8.21 −5.73 −7.76 VALD

1 3933.661 0.000 −2.084 8.21 −5.73 −7.76 VALD

1 3933.664 0.000 +0.092 8.21 −5.73 −7.76 VALD

3 6162.173 1.899 +0.100 7.82 −5.07 −7.59 KB
* The first four columns are self-explanatory. The damping parameters are given in the following three columns:
Gammar is the radiation damping width (s−1), logγrad.
Gammas is the Stark damping width (s−1) per electron density (cm−3) at 104 K, log(γe/Ne).
Gammaw is the van der Waals damping width (s−1) per hydrogen density (cm−3) at 104 K, log(γw/NH).
KB · · · Kurucz and Bell’s (1995) compilation, VALD · · · VALD database (Ryabchikova et al. 2015)
Note that Ca II 3934 line was treated as a single line (with the gf -weighted mean parameters of λ = 3933.664 Å
and log gf = +0.105) in the evaluation of equivalent width by using Kurucz’s (1993) WIDTH9 program,
since the differences between the components (corresponding to different isotopes) are negligible (<∼ 0.01Å)
compared to the intrinsic stellar line width.
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Table 3. NLTE abundance corrections for Ca II 3934 and Ca I 6162 lines.*

Code vt Aa (WLTE) WNLTE AN AL ∆

(km s−1) (dex) (mÅ) (mÅ) (dex) (dex) (dex)

[Ca II 3933.66 line]

t070g40 2.0 6.360 (8550.67) 8609.94 6.360 6.365 −0.005

t070g40 2.0 5.360 (2703.96) 2722.70 5.361 5.366 −0.005

t070g40 2.0 4.360 ( 866.96) 872.97 4.360 4.367 −0.007

t085g40 2.0 6.360 (3126.08) 3147.75 6.360 6.366 −0.006

t085g40 2.0 5.360 ( 995.41) 1002.31 5.359 5.366 −0.007

t085g40 2.0 4.360 ( 345.14) 356.45 4.359 4.395 −0.036

t100g40 2.0 6.360 ( 805.38) 812.83 6.359 6.369 −0.010

t100g40 2.0 5.360 ( 297.85) 310.46 5.360 5.405 −0.045

t100g40 2.0 4.360 ( 167.49) 178.65 4.362 4.518 −0.156

[Ca I 6162.17 line]

t070g40 2.0 6.360 ( 141.91) 164.06 6.359 6.652 −0.293

t070g40 2.0 5.360 ( 79.07) 84.72 5.361 5.451 −0.090

t070g40 2.0 4.360 ( 20.70) 18.71 4.360 4.306 +0.054

t085g40 2.0 6.360 ( 81.66) 92.47 6.360 6.540 −0.180

t085g40 2.0 5.360 ( 22.44) 20.75 5.359 5.317 +0.042

t085g40 2.0 4.360 ( 2.74) 2.43 4.355 4.302 +0.053

t100g40 2.0 6.360 ( 7.60) 7.71 6.359 6.366 −0.007

t100g40 2.0 5.360 ( 0.82) 0.82 5.347 5.351 −0.004

t100g40 2.0 4.360 ( 0.08) 0.08 4.441 4.446 −0.005
* Code “taaagbb” denotes the model (solar metallicity model with [Fe/H] = 0.0) with Teff = aa× 100
and log g = bb/10. Calculations for each model were made with the microturbulence vt = 2 km s−1

for three assigned Ca abundances (logarithmic number abundances in the usual normalization of AH =
12.00): Aa

i (≡ 6.36 + [Ca/H]i) (i = 1, 2, 3), where [Ca/H]1, [Ca/H]2, and [Ca/H]3 are 0.0, −1.0, and
−2.0, respectively. WLTE and WNLTE are the resulting theoretical LTE and NLTE equivalent widths (in
mÅ) corresponding to the assigned Aa, respectively. Based on such calculated non-LTE equivalent width
(WNLTE), two kinds of Ca abundances were inversely computed for the cases of NLTE (AN) and LTE
(AL), from which the non-LTE abundance correction was eventually evaluated as the difference of these
two, ∆ (≡AN −AL).


